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We investigate DC and AC electrical characteristics of 40 lm long p-type silicon nanowire
(SiNW) arrays, prepared by metal assisted chemical etching and filled with polyacrylic acid
(PAA). PAA diluted to different concentrations with deionized (DI) water is incorporated into the
arrays in three steps, yielding polymer filling to the bottom of the arrays. DC and AC electrical
measurements show that PAA reduces the array resistance. The AC conductivity increases up to
1000 times, and the real part of the overall dielectric constant (e0) by 100. We attribute these
effects to the formation of acceptor-like states at nanowire/polymer interface. VC 2012 American
Institute of Physics. [http://dx.doi.org/10.1063/1.4735278]
Silicon nanowires (SiNWs) are highly promising sys-
tems for future nanoelectronics applications, such as highly
scaled field effect transistors, solar cells, thermoelectric devi-
ces, and sensors.1,2 In particular, the large surface-volume ra-
tio in SiNWs leads to high sensitivity of their electrical
properties to surface modification, and hybrid SiNW-
polymer devices may provide a means to tailor the electrical3
and optical properties4 of the nanowires (NWs). Ionic and
water soluble polymer thin films may be used for humidity
sensing devices, based on changes in conductivity and capac-
itance,5 and, in particular, polyacrylic acid (PAA) is widely
used in humidity and gas sensing devices due to good dielec-
tric properties.6,7 Polymers such as poly (methyl methacry-
late), polyethylene, polystyrene (PS), polyethylene oxide
(PEO), and poly (3,4-ethylenedioxythiophene) poly (styrene-
sulfonate) have been also investigated as a surface coating
on n-type SiNWs.8 Similarly, a prototype thermoelectric de-
vice using polymer/SiNWs (Ref. 9) and solar cells using
short NWs (Ref. 10) (0.52lm) have been reported. In these
devices, the polymer does not reach the bottom of the NWs
due to high surface tension and polymer viscosity.
In this paper, we report the AC and DC electrical char-
acterisation of hybrid PAA/p-type SiNW devices (Fig. 1(a))
and compare these with SiNW devices without PAA. SiNW
arrays 40 lm long were prepared using metal assisted
chemical etching. PAA diluted with deionized (DI) water
was incorporated into the SiNW arrays in three spinning
steps. Our process yielded polymer filling down to the bot-
tom of the SiNWs. DC electrical measurements show that
the resistance of SiNWs covered with PAA is reduced in
comparison with SiNWs without PAA due to formation of
acceptor-like states at the SiNW/PAA interface. This model
is confirmed by impedance spectroscopy of the devices. Fur-
thermore, incorporation of PAA improves the device AC
conductivity, and improves the real part of the overall dielec-
tric constant of the device by 100 times.
We use a metal assisted electroless chemical etching
(MACE) technique to synthesise vertical p-type SiNWs. The
starting Si (100) substrate with resistivity 1–10Xcm was first
cleaned with acetone/isopropanol and rinsed with DI water.
The reverse side of the wafer was protected by poly(methyl
methacrylate) (PMMA). After cleaning with isopropanol and
DI water, the samples were immersed in a solution of
0.003M silver nitrate (AgNO3) and 5.6M hydrofluoric acid
(HF) for the formation of silver (Ag) particles. Here, an elec-
troless deposition (galvanic exchange) process11 forms a net-
work of Ag dendrites on the Si surface. The samples were
then immersed in a solution of 5.6M HF and 0.3M H2O2 to
form SiNWs. An etching time of 1 h produces a densely
packed, vertical, SiNW array with 40 lm long NWs
FIG. 1. (a) Schematic diagram of SiNWs/PAA hybrid device. (b) Cross-
sectional scanning electron microscope image of p-type SiNWs arrays, pre-
pared by MACE. (c) Cross-sectional scanning electron microscope image of
SiNWs/PAA and EDS Spectra from top and bottom of PAA/SiNWs. (d)
Scanning electron micrograph for top of SiNWs/PAA after etching with ox-
ygen plasma to expose tips, inset shows high resolution image of tips.a)Electronic mail: fac221@pieas.edu.pk.
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(Fig. 1(b)).The residual Ag particles were removed by high
concentration HNO3 (5M) solution and the PMMA layer by
acetone.
The vertical SiNW arrays were then filled with PAA by
repeated spin coating. PAA with 450 k molecular weight and
15.8wt.% PAA in DI water was used. The PAA was then
further diluted in DI water. Highly dilute PAA (1.65wt.%
PAA with DI water) was then spun on the SiNW arrays at
500 rpm for 60 s. The samples were then heated at 50 C in
air for 15min to dry the PAA. The process of spinning and
heating was repeated two further times under similar condi-
tions. Following this, 3.3wt.% PAA in DI water was spun
at 500 rpm for 60 s, again followed by drying at 50 C. This
process was repeated two times. Finally PAA 6.6wt.%
with DI water was spun at 1000 rpm for 60 s, followed by
drying at 50 C in air for 30min. This process was also
repeated two times. The first stage of spinning of highly
dilute PAA resulted in the incorporation of PAA down to the
bottom of the nanowires. The concentration of PAA was
then increased in further stages to provide mechanical
strength to the film. Fig. 1(c) shows a cross sectional image
of SiNW arrays filled with PAA. The top left inset and bot-
tom left inset of Fig. 1(c) show energy dispersive x-ray
(EDS) spectra at the top and bottom of a SiNW array, respec-
tively. The EDS spectra show the presence of PAA at both
the bottom and the top of the SiNW array. The total amount
of PAA may be less near bottom of the SiNWs. We conclude
that our PAA filling process covers the SiNW surface to the
bottom of the array. However, a few holes remain, as seen in
the top view of device shown in Fig. 1(d), though these may
not persist down to the bottom of the array. Polymer filling
of SiNW arrays has previously proved difficult, especially
the filling of the bottom region of an array.
In order to make electrical contact to the SiNWs, the
tops of the NWs were exposed by etching the PAA using
plasma etching. The etching rate is usually dependent on the
molecular weight of the polymer and related functional
groups. PAA is an O-containing polymer which is more
degradable compared to other polymers (e.g., polystyrene
and polyethylene)12 with different functional groups. Here,
we used Ar (2 sccm) and O2 (98 sccm) gas, at a pressure of
50 Torr. The sample was etched for 60min at 20 C and
200W. Fig. 1(d) shows a scanning electron microscope
image of a sample with the NW tips exposed after etching.
Finally, 50 nm chromium (Cr) followed by 300 nm Gold
(Au) was sputtered to form an electrical contact to the SiNW
tips, and a bottom contact to the silicon substrate in two sep-
arate steps. Similar SiNW array devices without PAA filling
were also fabricated for comparison. For both types of devi-
ces, the nanowires were etched at the same time. We do not
anneal the contact to avoid degradation of the PAA.13
The current-voltage (IV) characteristics were measured
using an Agilent 4155 parameter analyzer with a probe sta-
tion at room temperature, and in a Cryodyne refrigerator
cryostat from 290–77K. Fig. 2(a) shows the IV characteris-
tics of the PAA filled SiNW device and Fig. 2(b) shows the
IV characteristics of a SiNW device without PAA. The pla-
nar area of the devices was 0.85 cm 0.85 cm. The IV char-
acteristics are nonlinear in both cases. The PAA filled SiNW
devices show larger current as compared to the SiNW devi-
ces, particularly at low temperature. For example, the current
at 77K and 0.3V was 19.8mA and 7.26 nA for the PAA
filled SiNW device and SiNW device, respectively. This is
an improvement 106. At 290K, the improvement is small,
with current 100mA and 79mA at 290K and 0.3V for the
PAA filled device and SiNWs device, respectively. There is
a drastic increase in current of the PAA filled SiNW particu-
larly at temperatures below 190K.
HF treatment and solvent rinsing of the SiNWs can
result in a dominantly hydrogen terminated, hydrophobic
surface.14 In a humid air environment, oxidation can create a
hydrophilic surface and Si-OH bonds. Use of HNO3 for the
removal of Ag dendrites can also make the NWs hydrophilic.
Finally, a water soluble polymer like PAA can initiate the
FIG. 2. (a) Temperature Dependent IV for SiNWs/PAA
Hybrid Device. (b) Temperature Dependent IV for
SiNWs only. (c) Log of conductance (G) vs. reciprocal
of temperature (1/T) for SiNWs/PAA hybrid device. (d)
Log of conductance (G) vs. reciprocal of temperature
(1/T) for SiNWs device.
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formation of Si-OH groups on the SiNW surface. We specu-
late that these processes may introduce energy states on the
surface of the SiNWs, which can then act as acceptor or do-
nor like states.15 Enhanced conductivity has been observed
in p-type SiNWs treated with tetraethyl ammonium bromide
due to the generation of acceptor like states due to negatively
charge (Br–).16
Figs. 2(c) and 2(d) show Arrhenius curves for PAA
filled SiNWs and NWs without PAA, respectively. We
extract activation energies (Ea) from the straight line sections
of the graph and these are listed in Table I. PAA filled
SiNWs show a reduction in Ea in comparison with SiNWs
without PAA. The reduction in activation energy may be due
to the work function difference17 between the PAA and the
SiNWs. Here, decomposition of the acidic part of carboxylic
acid groups in the PAA chain produces an interfacial dipole
layer. Negative functional groups can form on the SiNWs
which act as acceptor like states, causing upward band bend-
ing and increasing the majority carrier (hole) concentration
in our p-SiNWs. This leads to an improvement in the con-
ductivity of our PAA wrapped SiNWs.
Impedance spectroscopy of both types of devices was
carried out using a 100mV AC signal over the frequency
range 1 kHz–3MHz, at room temperature. Fig. 3(a) show
Nyquist plots for SiNWs with and without PAA. PAA/
SiNWs show smaller impedance in comparison with SiNWs
without PAA, similar to the DC data discussed earlier. Curve
fitting of the impedance spectra of devices with and without
PAA was performed. An equivalent circuit that fits our data
well is shown in Fig. 3(b). Here, we model the SiNWs as a
resistor and model the interface as an RC circuit in parallel.
We also include series contact resistances on both sides of
the circuit. Since the PAA/SiNW or air/SiNW interface is in-
homogeneous, we replace the interface impedance (Z¼ 1/
jxC) with the impedance of a constant phase element (CPE)
ZCPE¼ 1/(jxC)n. Here, C is the ideal capacitance and n is an
empirical constant, 0< n 1. We note that our data qualita-
tively matches the behavior observed in ZnO nanorods18 and
that the surface properties of NWs can be significant in
changing the impedance response of the circuit.19 The total
value of the air and PAA capacitance was estimated from the
device dimensions. The typical value of the capacitance was
1011 F and 108 F for air and PAA, respectively. As can
be seen from Fig. 3(a), fits with small fitting error (<5%) can
be obtained using the equivalent circuit shown in Fig. 3(b),
when values of CPEair and Rair are set to around 1011 F
and 1.2MX, and CPEPAA and RPAA are set to 108 and
5 kX. The value of the SiNW resistance was extracted from
the fitting. We note that SiNW resistance is small for the
case of PAA covered NWs, compared to NWs without PAA.
The impedance data supports our DC characteristics, where
in the presence of PAA the resistance of the SiNWs was seen
to decrease.
Fig. 3(c) shows the real part of the dielectric constant
(e0) with the logarithm of frequency for both PAA/SiNW and
air/SiNW devices. Usually materials with a high DC resistiv-
ity show a small value of e0 in comparison with more con-
ductive samples.20 As the addition of PAA makes the SiNW
devices more conductive, we expect a higher e0 for PAA
filled devices.21 Fig. 3(c) confirms the improvement in e0 for
SiNW devices with the addition of PAA. In the frequency
range of our measurements, Debye orientational polarisation
has a significant effect. Atomic and electronic polarisation
TABLE I. Activation energies (Ea) of SiNWs and PAA/SiNWs at different
voltages.
Activation energies Ea (eV)
Voltage (V) 0.05V 0.1V 0.15V 0.2V 0.3V
SiNWs 0.299 0.301 0.307 0.312 0.306
PAA/SiNWs 0.082 0.079 0.077 0.066 0.046
FIG. 3. (a) Nyquist Plot for SiNWs/PAA and SiNWs
device with fitting. (b) Schematic diagram for SiNWs
with fitting circuit. (c) Plot of dielectric constant (e0)
with lnf for PAA/SiNWs and SiNWs. (d) AC conduc-
tivity plot with frequency for PAA/SiNWs and SiNWs.
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occurs at very high frequencies, not applicable in our case.
Our p-type SiNWs with PAA may show a large increase in e0
due to interfacial polarisation, usually observed when two
materials with different dielectric constant are in contact. In
our case, this is the hetrostructure formed by p-type SiNWs
and PAA. In the case of p-type SiNWs without PAA, e0 is
almost independent of frequency above 10 kHz and changes
only below this value. Fig. 3(d) shows the AC electrical con-
ductivity change with frequency. Here, the PAA filled device
has a larger AC conductivity, which may be associated
with the formation of acceptor states at the PAA/SiNW
interface.22
Large improvements in the dielectric constant have been
observed in nanoparticle/polymer composite systems. Exam-
ples include measurements by Dey et al.23 using titania
nanoparticles embedded in a polymer matrix, and Dutta
et al.24 using silicon dioxide nanoparticles dispersed in con-
ducting polymer. Our results demonstrate similar improve-
ment in the dielectric constant in a PAA/SiNW system.
Furthermore, the AC electrical properties of SiNWs appear
to rarely have been investigated.
In conclusion, we have fabricated hybrid PAA/p-SiNW
devices and compared these with SiNW devices without
PAA. SiNW arrays 40 lm long were prepared using metal
assisted chemical etching. PAA diluted with DI water was
incorporated in the arrays in three spinning steps. Our pro-
cess yielded polymer filling down to the bottom of the array.
DC electrical measurements show that the resistance of
SiNWs with PAA was smaller compared with that of SiNWs
without PAA. This may be attributed to the formation of
acceptor like states at the SiNW/PAA interface. Further-
more, incorporation of PAA improved the AC conductivity
1000 times and improved the real part of the overall dielec-
tric constant by 100 times.
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